Stormwater retention ponds can play a critical role in mitigating the detrimental effects of urbanization on receiving waters that result from increases in polluted runoff. However, the benthic oxygen demand of stormwater facilities may cause significant hypoxia and trigger the production of hydrogen sulfide (H 2 S). This process is not well-documented and further research is needed to characterize benthic processes in stormwater retention ponds in order to improve their design and operation. In this study, sediment oxygen demand (SOD), sediment ammonia release (SAR) and sediment sulfide production (SSP) kinetics were characterized in situ and in the laboratory. In situ Desulfobulbaceae spp., Desulfobacteraceae spp. and Desulfococcus spp. being the dominant SRB taxa identified.
INTRODUCTION
Stormwater retention ponds are an important component of municipal surface water management systems (Drake & Guo ) . By providing additional holding capacity and acting as flow control structures, these ponds have become useful tools to reduce the likelihood of floods and limit the impacts of urbanization on receiving waters. However, stormwater retention ponds do not always perform as expected and their effectiveness in retaining and mitigating pollutants is highly variable (Booth & Jackson ) . Furthermore, stormwater retention ponds characterized by low flowrates and high organic loading are at risk of becoming hypoxic in colder climates due to ice cover hindering reaeration processes (D'Aoust et al. ) .
At the onset of hypoxic conditions, sulfate-reducing bacteria (SRB) are capable of utilizing sulfate as a terminal electron acceptor and producing hydrogen sulfide (H 2 S), which is an undesirable pollutant. H 2 S and related sulfide compounds have a strong characteristic rotten-egg odour (Crittenden et al. ) , are harmful to wildlife (Smith & Oseid ) and can accelerate the deterioration of municipal stormwater pond facilities (US Environmental Protection Agency ; Ma et al. ) . Furthermore, the onset of sulfide production exacerbates the oxygen demand in stormwater ponds due to sulfide chemical oxidation of the available dissolved oxygen (DO) in the water column (Chen & Morris ) , making the hypoxic conditions self-sustaining. In fact, previous research showed that, in some instances, greater than 50% of the oxygen consumed by sediment in natural water bodies may be attributed to chemical sulfide oxidation (Wang ) . Additionally, H 2 S accumulation in stormwater ponds in close proximity to residential areas has the potential of being harmful to residents. As a result, sulfate reduction has become a concern in North American communities (Ku et al. ) .
There is currently a fundamental lack of understanding of sulfide production processes in stormwater retention ponds situated in colder climates. Water quality and hydraulic models are frequently utilized in the design stages of stormwater retention ponds to simulate operating conditions, optimize performance and avoid unsatisfactory operation, but nonetheless most modelling software suites such as PCSWMM (Computational Hydraulics International -CHI, Guelph, ON, Canada) and MIKE 3 (Danish Hydraulic Institute -DHI, Hørsholm, Denmark) do not include routines to model and predict H 2 S production (Wang et al. ; Gao & Li ; CHI ; DHI ). Hence, these conventionally utilized models are not capable of determining whether designed ponds will be susceptible to sulfide production in colder climates. The objective of this study is to characterize bacterially mediated kinetics in the sediment of a stormwater retention pond during ice-covered wintertime operation. Specifically, in situ sediment oxygen demand (SOD), sediment ammonia release (SAR) and the sulfide sediment production (SSP) kinetics were quantified in a stormwater retention pond prone to wintertime ammonia release and sulfide generation. Furthermore, the study also aims to compare in situ and laboratory based kinetics and determine if the latter can adequately predict sulfide generation in ponds. A simple empirical model to predict total sulfide concentrations in ice-covered, hypoxic and H 2 S-producing stormwater retention ponds was developed from data obtained in a sulfide-releasing stormwater retention pond. Finally, the dominant microbial populations present in the sediment of a stormwater retention pond prone to sulfide generation were characterized.
METHODS AND MATERIALS

Site description
In this study, the Riverside South #2 (RSP2) stormwater pond, located in Ottawa, Canada, was investigated for H 2 S production. This stormwater pond at the time of the study was 8 years old and has experienced intermittent H 2 S gas emission over the course of the 8 years, typically during ice-covered wintertime periods and summer droughts. RSP2 has a surface area of 2.5 acres, an average depth of 1.41 m and a maximum depth of 2.49 m. During winter ice cover, the hydraulic retention time (HRT) of RSP2 was approximately 120 days (Chen et al. ) . Four locations in RSP2 were selected for water and sediment sampling, as shown in Figure 1 .
A second stormwater pond, Riverside South #1 (RSP1), located in close vicinity of RSP2, was monitored as a reference pond in this study, as it is has been shown to not historically generate substantial H 2 S gas. RSP1 at the time of the study was 19 years old, has a surface area of approximately 13.9 acres, an average depth of approximately 1.50 m, and has an ice-covered HRT of approximately 6 days. The single sampling point at the outlet of RSP1 is shown in Figure 2 .
Stormwater retention pond sampling
Pond water samples were collected at all five locations at a depth of 1.50 m under the water surface (Figures 1 and 2 (2)) (Ashton ). In order to characterize the sediment microbial community of the sulfide-producing stormwater pond (RSP2) and the reference pond (RSP1), sediment samples were harvested at the outlet of RSP2 utilizing a Wildco Ekman dredge (Yulee, FL, USA), which was washed with a 70% ethanol solution and a 1:1 bleach solution in between the harvesting of samples to prevent cross-contamination of the sediment. Sediment samples were collected on nine occasions across the period of the study. To conduct laboratory kinetic assays, approximately 15 L of sediment was collected at the outlet region of RSP2 utilizing the Ekman dredge, and approximately 60 L of additional pond water was collected in the same area, at a depth of 1.50 m, utilizing the Kemmerer water sampler.
Laboratory kinetic assays
Laboratory kinetic assays were performed in test vessels which prevented reaeration, utilizing water and sediment samples collected at the outlet of the RSP2 stormwater pond. Both sediment and water samples were separately stored at 4 C prior to testing. Test vessels (300 mL glass biological oxygen demand (BOD) bottles) were prepared for each assay by adding 53.52 ± 3.70 g of sediment along with aerated (DO-saturated) pond water. The following water constituents were measured across time for up to 10 days: total sulfides (SM 4500-S 2À D) (APHA et al. five sets of duplicates; O 2 starved with N 2 gas; one run without NI and one with NI). The temperatures of 20 C and 4 C were chosen for the assays as they closely matched observed average summertime and wintertime in-pond water temperatures. A summary of the various conditions pertaining to each of the trials is shown in Table 1 .
Trials 1 through 5 allowed for the determination of total SOD (TSOD), carbonaceous SOD (CSOD) and nitrogenous SOD (NSOD). TSOD was evaluated by measuring the total oxygen demand exacerbated by the sediment, without any inhibition. CSOD was measured directly from oxygen demand measurements acquired with the addition of allylthiourea, to inhibit the nitrogenous consumption of oxygen via nitrification. NSOD was calculated by subtracting the CSOD from the TSOD.
Intra-benthic biochemical processes
In situ SOD, SAR and SSP kinetics were calculated utilizing water quality data acquired from RSP2 during the ice-covered period, between December 31st and March 20th. These kinetics were obtained by calculating the daily changes in concentration of DO, NH 3 mNH 4 -N and total sulfides. These changes in concentration accounted for the varying volume of water present in the pond due to the ice-cover thickness, and were normalized against the surface area of the sediment bed (g/(m 2 ·d)) of the stormwater retention pond. The laboratory SOD, SAR and SSP kinetics were also normalized by surface area of the sediment in contact with the bulk water in the laboratory test vessels (g/(m 2 ·d)). The simplified equation utilized to calculate the in situ and laboratory rates of change is shown in Equation (1).
where q is the rate of production or consumption of DO, ammonia and/or total sulfides, per surface area, per day (g/m 14, 16, 18, 20, 22, 24, 26, 28, 30 • 27 test vessels total
• 10 test vessels total • 10 test vessels total • 10 test vessels total • 10 test vessels total Stefan's equation (Equation (2)) (Ashton ) was utilized to estimate ice thickness at RSP2 during the icecovered kinetics testing, where h is ice thickness (mm), β is the coefficient of ice growth (mm· C À0.5 ·d À0.5 ) and D f is the sum of freezing degree-days (d).
Microbial sample preparation
The 16S rRNA gene from the metagenome extracted from sediments were sequenced in an effort to characterize the microbial populations involved in sulfate reduction. The harvested sediment samples were washed using a phosphate buffer solution (0.5 M EDTA at pH 8.0, 1 M Tris-HCl at pH 8.0, and 0.5 M Na 2 HPO 4 ·7H 2 O at pH 8.0) to remove polymerase chain reaction (PCR) inhibitors. DNA was extracted from the sediment samples using PowerSoil ® DNA Isolation Kits (Mo Bio Laboratories, Carlsbad, CA, USA). Sequencing was performed by Molecular Research LP (Shallowater, TX, USA), which amplified DNA using a two-step PCR targeting the V6 hypervariable region of the 16 s bacterial rRNA gene. Each sample was sequenced as a 2 × 300 bp run on an Illumina MiSeq sequencer. The resulting datasets were analyzed using the QIIME pipeline (Caporaso et al. ) as described by D'Aoust et al. () .
Statistical validation of prediction equation
The proposed H 2 S prediction equation to predict sulfide concentrations was visually and statistically evaluated against the data set from RSP2, the data set obtained from the reference stormwater pond (RSP1) and against the laboratory-acquired data. Linear regression analyses were performed between the predicted sulfide concentrations and the actual observed sulfide concentrations in RSP2 and with the laboratory experiments. The strength of the correlations were established using Pearson's correlation coefficient (r) and their p-value. In addition, the residuals were interpreted to assess the final equation's behavior.
RESULTS AND DISCUSSION
Sediment and water characterization
Throughout the study period, the surface sediments had an average water content of 52.4 ± 7.0% and a bulk density of approximately 1,060 ± 10 kg/m 3 . The concentrations of SO 4 2À , NH 3 /NH 4 þ -N, and sCOD measured in the sediment pore water and the bulk water of the RSP2 pond are shown in Table 2 . The measured pore water concentration of sulfate averaged 208.7 ± 9.9 mg/L, which is at the upper spectrum of typical anoxic freshwater sediment pore water concentrations ( Table 2 also shows the concentrations of the same three constituents, measured in the bulk water of RSP2. SO 4 2À concentrations in the sediment pore water and in the bulk water were not significantly different, likely due to its high solubility in water, a lack of consumption pathways in the bulk water and relatively slow sulfate-reducing bacterial kinetics (Rittmann & McCarty ) . NH 3 /NH 4 þ -N concentrations in the sediment pore water were significantly higher than those measured in the water column. During fall and winter, microbial breakdown of the remains of dead organisms such as algae and aquatic plants occurs at the watersediment boundary (and deeper within the sediment layers as well), releasing ammonia via processes such as ammonification and mineralization (Burton & Pitt ) . Additionally, during warmer periods, plant uptake or successive nitrification and denitrification occurring at the roots of plants may diminish observed concentrations (Nielsen ). As such, the ammonia measured in the water column during late fall and winter likely stems from mass transfer of the ammonia produced in the sediment, rather than being produced in the bulk water column itself, explaining the sharp gradient in concentrations between the sediment pore water and the water column. sCOD concentrations in the sediment pore water were also shown to be greater than water column concentrations. The elevated sCOD concentrations measured in the sediment pore water can likely be attributed to the hydrolysis of particulate COD. BOD was also measured in RSP2. The average BOD in the water column of RSP2 was 3.2 ± 1.1 mg/L, which is typical of stormwater retention structures, and is within the spectrum of BOD concentrations measured at various stormwater structures (5.2 ± 3.8 mg/L) (International Stormwater BMP Database ). Figure 3 presents the water temperature, air temperature, ice thickness, DO concentrations and total sulfide concentrations before, during and shortly after the ice-covered period in the RSP2 pond. Figure 3 specifically focuses on the outlet of the stormwater retention pond, which was the first location to exhibit H 2 S gas release to the environment.
Sediment kinetics at 20 C and 4 C, comparison between field and laboratory
During the summer period, average in situ water temperatures measured at 1.50 m depth were 20.3 ± 2.4 C. During the wintertime ice-covered period, average in situ water temperatures measured at 1.50 m depth were 4.4 ± 0.9 C. Table 3 shows the calculated SOD (TSOD, CSOD and NSOD), SAR and SSP laboratory measured kinetics at 20 C and 4 C. In addition Table 3 shows the in situ winter kinetics calculated from the in situ pond data at rates measured in the laboratory were significantly lower than those measured in situ. Sulfide production was stymied (sulfides were not detected for the first 14 days) at cold temperatures in the laboratory; however, this trend was not observed in situ. This concurs with findings from Edberg & Hofsten (), Patterson et al. () and the US Environmental Protection Agency (), which outline the difficulty of utilizing laboratory assays to predict in situ kinetics. The higher cold-temperature kinetics observed in situ are possibly due to the depth of sediment playing a factor in the specific rates of consumption/release. The normalization of units on a per surface area basis (g/(m 2 ·d)) aids in the comparison of results with past work; however, it has been demonstrated in the past that surface area normalization is not very effective at comparing results from laboratory kinetic assays with in situ field measurements (Edberg & Hofsten ; Bowman & Delfino ). Furthermore, the active sediment depth is likely a key contributing factor to anaerobic kinetics (Haglund et al. ) . It is also hypothesized that bulk water concentrations of sulfates and nitrogens may indirectly control active sediment depth by allowing bacteria situated at greater depth in the sediment to perform sulfate-reduction and ammoniafication due to their greater availability in the sediment pore water.
Relationship between total sulfides and DO
There is a clear and evident relationship between the presence of high total sulfide concentrations (!100 μg/L-S) and low DO concentrations ( 2.0 mg/L) (Figure 4(a) ): 92.59% of high total sulfide events occurred when DO was at or below 2.0 mg/L. Meanwhile, 92.54% of low sulfide events occurred when DO was above 2.0 mg/L. Utilizing the total sulfide and DO concentration data collected in situ at the four sampling locations situated in RSP2 at a depth of 1.50 m, an equation correlating the concentration of total sulfides to DO concentrations at depth in pond water columns was produced. The trendlines of total sulfides concentrations across DO were plotted for all sampling locations in RSP2 (Figure 4(a) ). The trendlines of all the sampling locations in RSP2 were averaged to produce the sulfide prediction equation (Figure 4(a) ). The resulting equation is shown below (Equation (3)), where S 2À is the total sulfide concentration (μg/L-S) measured at 1.50 m depth in the water column, and DO is the dissolved oxygen concentration (mg/L) measured at 1.50 m depth in the water column. At DO concentrations above 2.0 mg/L, the total sulfide concentration was arbitrarily set at 10 to replicate the baseline measured in situ observations. 
The sulfide prediction equation shows a good visual fit with the data collected from RSP2 and the data points resulting from the laboratory kinetic experiments (Figure 3(a) and  3(c) ). However, as demonstrated below with the residuals analysis, the equation tends to under-report total sulfide concentrations. At sulfide concentrations of interest (!100 μg/L-S) the equation reported on average 38% of the actual concentration. The equation, however, reported high sulfide or low sulfide concentrations correctly 91% of the time, therefore still remaining a useful tool for facility operators, to determine if there is the potential for hazardous concentrations of hydrogen sulfide to be present if sending personnel to perform work or maintenance at the facility. The sulfide prediction equation's performance with the RSP1 data (Figure 4(b) ) remains statistically inconclusive as there was a limited number of documented events of high total sulfide concentration (!100 μg/L) in RSP1 during the study. These limited events were expected as RSP1 was used as a reference pond without a history of atmospheric H 2 S emission. Figure 5 shows the predicted versus actual sulfide concentrations and associated residuals. As seen in Figure  5 (a), there is a strong positive correlation between the predicted and actual sulfide concentrations in RSP2 (r ¼ 0.724, n ¼ 91, p < 0.001), which was used to calibrate the sulfide prediction equation. The residuals show that the prediction equation tends to yield lower concentration values than the actual observed values (as indicated by the majority of points being positive on the Y-axis). There is also a strong correlation between the predicted and actual sulfide concentrations in the laboratory kinetic experiments (r ¼ 0.691, n ¼ 13, p < 0.008), and the residuals show that the prediction equation does not tend to result in significantly higher or lower concentrations. However, the residuals are X-axis unbalanced, but X-axis unbalance alone does not necessarily signify that the prediction equation is weak. Further statistical analysis results for RSP1 are omitted due to a lack of statistically significant correlation based on the limited high sulfide events in RSP1.
Sulfate-reducing bacterial populations in pond sediment
Using next-generation sequencing technology, it was determined that 4.99 ± 0.79% of all identified organisms (with 97% confidence) in the outlet sediment of RSP2 were SRB ( Figure 6 ) (identified at the genus level, when such information was available). Additionally, it was found that the families Desulfobulbaceae (48.5%), Desulfobacteraceae (21.8%) and Desulfococcus (20.2%) dominated the SRB assemblage in the benthos of the stormwater retention pond. These taxa have been found in similar sediment environments (Gittel et al. ; Zhang et al. ) . The most abundant SRBs could not be identified at the genus level due to limitations in sequencing depth (Table 4) . Sequencing results also suggested that typical genera known to be involved in sulfate reduction such as Desulfovibrio spp. were unlikely to be contributing to sulfate-reducing processes in the studied stormwater ponds. Desulfovibrio spp. represented 0.10 ± 0.09% of all SRB identified in the sediment of RSP2. Instead, genera of the family Desulfobulbaceae and Desulfobacteraceae and genus Desulfococcus were found to be most abundant amongst SRB in the sediment. This points to the importance of other as yet unclassified genera in the generation of sulfides in stormwater retention ponds. Bacterial abundance was shown to not vary significantly across seasons, demonstrating the possibility that SRB in temperate climates could develop acclimatization mechanisms rather than undergo radical community shifts, as was observed by Robador et al. () .
CONCLUSIONS
This study aimed to advance the understanding of sulfatereduction processes in stormwater retentions ponds as there currently is a lack of fundamental knowledge and models enabling prediction of H 2 S gas production in these specific environments. The study compared field-acquired and laboratory-acquired kinetics for SOD, SAR and SSP. Of interest, field-acquired kinetics were measured to be significantly greater than laboratory kinetics when normalized with the sediment surface area, likely due to the omission of sediment depth when normalizing with pond bed surface area. Hence, the active sediment depths may be an important factor in stormwater pond kinetics. SRB represented on average 4.99% of all bacteria present in the top 30 cm of the benthic sediment at the outlet of RSP2, and genera of the families Desulfobulbaceae and Desulfobacteraceae and genus Desulfococcus dominated the SRB in the benthos, regardless of environmental conditions or season. Hence, the study demonstrates a lack of microbial community shifts in the SRB population across seasons and various conditions in stormwater ponds, supporting the ubiquitous nature of these organisms. Additionally, typical SRB which were initially expected to drive some of the sulfatereduction activity were not present in excess of 0.10% of the SRB population (Desulfovibrio spp.).
